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A well understanding on the evaporation characteristics and efficient working 
area of multi-stage high pressure and temperature reducing valve (MSHPTRV) is 
important for improving the performance and safety of MSHPTRV. The water 
spraying and evaporation model are integrated into the flow model of 
MSHPTRV. Compared with the experimental data, the model can show the ther-
mal process well. The flow characteristics and interaction between steam and 
droplets are presented. On this basis, the increase rate of entropy, Sdis, is adopted 
to analyze the thermodynamic loss and innovatively determine the efficient work-
ing area of MSHPTRV. The results show that the pressure reducing effect of the 
second orifice plate is prominent, which accounts for 41.6% of the total pressure 
drop. The "steam-water layer" is formed at the boundary of steam and water. At 
the inlet of second orifice plate, the maximum Sdis is 0.782, and the downstream of 
second orifice plate is the efficient working area of MSHPTRV. The length of 
evaporation section increases with the droplets diameter significantly. 

Key words: MSHPTRV, evaporation model, water spraying, flow characteristics, 
increase rate of entropy 

Introduction 

Steam energy can be regulated reasonably by MSHPTRV via reducing the steam 

pressure and temperature [1]. It produces qualified steam by throttling, diffusing and water 

spraying [2, 3]. The complex internal structure [4], two-phase flow of vapor and water will 

cause the high flow velocity as well as the severe variations of temperature and pressure [5]. 

These factors will seriously affect the efficiency and safety of the unit. Therefore, deeply un-

derstanding evaporation characteristics and efficient working area of MSHPTRV is essential 

for improving the performance [6].  

There are many researches on various valves, which include the electromagnetic 

valves, pressure relief valves (PRV), and so on. Valve motion and pressure pulsation have the 

great influence on the thermodynamic performance of reciprocating compressors [7]. The 

valve regulation affects the efficiency of the whole system [8]. At present, the performance 

and safety of multi-stage high pressure reducing valve (MSHPRV) without temperature re-

ducing (neglecting the water spraying) are usually investigated. Due to the difficulty in exper-
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imental study of MSHPRV, the RNG k-ε model combining with compressible gas in CFD 

was established to simulate Mach number. The results show that the pressure ratio influences 

energy loss greatly. Furthermore, the flow field characteristics of DN80 pressure reducing 

valve under different inlet pressure and opening degrees were analyzed by [9]. The pressure 

reducing effect of MSHPRV can be improved with the increasing of valve opening degree 
[10]. For contra-push check valve, Xu et al. [11] conducted a sensitivity analysis of structural 

parameters. The influence of structural parameters on pressure induced force was studied. The 

RNG k-ε model was also proved to be more accurate for describing the flow field. But the 

analysis of flow characteristics and work efficiency of the valve were less. To investigate the 

pressure control performance of solenoid valve, Li et al. [12] simulated the cases of different 

pressure drops by mesh deformation. The results show that valve opening time can influence 

the mean control pressure. The temperature and pressure characteristics under different valve 

openings were presented and the application of MSHPRV in hydrogen refueling station was 

validated [13]. Zhang et al. [14] modeled the dynamic performance of the opening and clos-

ing of PRV by CFD. Analysis from flow field, the throttling components of high pressure re-

ducing valve have great effects on the control performances. So the angle of throttling com-

ponents, orifice plate thickness, plate number and diameter of plate holes in MSHPRV were 

studied in [15]. But it is difficult to describe the thermodynamic characteristics of fluid-flow 

through the pressure and velocity. In terms of valve safety, the flow forces and energy loss in 

a flapper-nozzle pilot valve under different clearances were studied, and the performance of 

the valve was evaluated. The larger flapper makes the lateral force increased 1.5-13.6% in 

drag direction and 1.5-10.2% in lift direction. Meanwhile, both experimental and numerical 

results show that the energy loss increases with inlet pressure, which proves the reliability of 

the simulation [16]. To simulate the fluid-structure interaction in non-returning valves, a 3-D 

unsteady model was established to compare with 2-D model, which indicates that the 3-D un-

steady model can provide a more accurate flow field. It shows that the fluid-structure interac-

tion makes exhausting valve tapped severely in forward stroke, and the aspirating valve has 

better sealing characteristics in initial backward stroke [17]. The analysis of transient thermal 

behaviors was acted on the basis of transient turbulent flow simulation and turbine valve ex-

periment. It indicates that the second separated flow causes non-uniform heat transfer [18]. 

Benefiting from the advantages of fluid-structure coupling and structural mechanics, scholars 

carried out the failure analysis of valve body and predicted fatigue life. The von-Mises stress-

es caused by common factors, such as cooled steam, internal pressure were studied. Through 

the analysis of equipment and structural mechanical calculation, it was found that the expan-

sion and contraction are the major factors for fatigue [19]. Chen et al. [20] proposed a new 

MSHPRV which can achieve multi-stage pressure reducing processes. The lower noise and 

energy consumption of the valve were achieved. Combined with the fluid-structure coupling 

model of proposed MSHPRV, the mathematical model of MSHPRV was established to study 

the thermo-mechanical stress [21]. The best strength of MSHPRV is obtained by optimizing 

geometrical factors [22]. The above researches studied the pressure reducing process of 

MSHPRV without considering the process of water spraying. In the vapor-liquid two-phase 

flow, Boccardi et al. [23] found two-phase discharge coefficient much higher than the vapor 

coefficient through a steam/water flashing experiment, and a new correlation for the discharge 

coefficient as a function of the main operating parameters was proposed. Schmidt [24] pro-

posed partial non-equilibrium HNE-DS method to standardize all sizing procedures by an ap-

propriate nozzle flow model and to enlarge the application range of the standards to two-

phase flow. The MSHPTRV usually has a water spraying process to reduce temperature. 
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Namely, MSHPTRV reduces pressure and temperature at the same time. The two-phase flow 

and the water evaporation are the main factors for causing the complexity of the internal flow 

field. So studying the process of pressure reducing without water spraying is not applicable to 

MSHPTRV. The flow characteristics of MSHPTRV are different with MSHPRV because of 

different steam parameters. In the study of fluid-structure coupling model, the great variation 

of temperature caused by water flash spraying also affects the fatigue of valve [25]. 

In conclusion, it is necessary to further study the internal flow field of MSHPTRV 

with water spraying. In this study, the water spraying and evaporation model verified by ex-

periment are innovatively integrated into MSHPTRV, in which the higher pressure and tem-

perature 16.67 MPa/538 °C (main steam parameters of 300 MW unit) are adopted to obtain 

the actual thermodynamic process. Finally, the evaporation and flow characteristics of 

MSHPTRV are analyzed. And the increase rate of entropy, Sdis, is adopted to analyze the 

thermodynamic loss and the efficient working area of MSHPTRV. 

Numerical method 

Geometrical model 

A C1Z604-0 MSHPTRV of bypass heating system is established by ANSYS Work-

bench. The structural parameters and physical model are shown in fig. 1. The MSHPTRV 

consists of the throttle orifice plates and nozzle of water spraying. 

 

Figure 1. The MSHPTRV model; 1 – valve body, 2 – flow fields, 3 – steam inlet, 4 – steam outlet, 
5 – first orifice, 6 – support ring, 7 – second orifice, 8 – third orifice, 9 – water outlet, 10 – water inlet, and 
11 – valve stem 

The first throttle orifice plate is the valve core to regulate the steam flow rate. The 

high-parameter steam will flow into MSHPTRV from pipeline, and the steam flows through 

the first throttle orifice plate, the cooling water supplied by feed pump is injected into the pas-

sage of valve in a conical shape. The direction of water spraying is opposite to the direction of 

steam flow, so as to the efficiency of heat transfer can be improved, and the flow length of 

cooling water in valve is extended. After the contact of cooling water and steam, they flow 

through the second and third orifice plates together. In this process, the cooling water will be 

evaporated by mixing with steam and absorbing heat, finally the steam temperature and pres-
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sure are reduced, which meet the requirement of supplying heat. The flow path of steam and 

water are shown in fig. 1. The extension sections are added at the model inlet and outlet to 

eliminate the influence caused by incomplete development of fluid-flow. 

Evaporation model 

When the cooling water contacts with high temperature steam, the sprayed cooling 

water will be evaporated due to the heating of high temperature steam, but the steam will be 

first condensed by releasing heat to water and then evaporated by absorbing the heat of high 

temperature steam at outer layer, which is a short process of phase transformation. In order to 

obtain a more practical process of temperature and pressure reduction, the transfer of energy 

and mass is considered in the calculation. The multiphase evaporation model in CFX is estab-

lished to simulate the phase transformation of cooling water and steam. The specific mathe-

matical process is as follows [26]. 

The boiling point of water is the function of evaporation pressure and temperature. 

According to the temperature, pressure and state coefficient of the steam, the boiling point is 

defined: 
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The boiling point of droplets consists of temperature and pressure, when the pressure 

of the mixture is higher than the pressure of boiling point, the droplets will evaporate into 

steam. While the pressure of the mixture is lower than the pressure of boiling point, the steam 

condenses into droplets. Similar to pressure boiling point, there is a temperature boiling point. 

When the droplets (cooling water) temperature is higher than the boiling point, the droplets 

will evaporate into steam. The mass transfer between steam and water in the process of evap-

oration is: 
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The mass transfer between steam and water in the process of condensation is: 
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The continuous fluid mass source can be expressed: 
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The CFD simulations 

According to the numerical simulation model established in [14, 15], the RNG k-ε 

turbulence model of CFX is selected to solve the 3-D flow field of MSHPTRV. The flow field 

is two-phase flow of steam and water, and the mixture of steam and water belongs to pure 

substance. So the governing equations of the flow field can be obtained as follows [26]. 

Mass conservation equation: 
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t
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Momentum conservation equation: 

 
( )

div( u) div( grad ) u

u p
u u S

t x


 

 
+ = − +

 
 (6) 

 v

( )
div( u) div( grad )

v p
v v S

t y


 

 
+ = − +

 
 (7) 

 
( )

div( u) div( grad ) w

w p
w w S

t z


 

 
+ = − +

 
 (8) 

The standard turbulent kinetic energy equation is as follows. 

The k equation: 
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The ε equation: 
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The steam flow in MSHPTRV has the strong vortex motion. To solve the complex 

turbulent flow field accurately and present flow characteristics clearly, the RNG k-ε turbu-

lence model is evolved by correcting the constants of standard k-ε model, in which the con-

stant C1ε is replaced by the function C1εr: 
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In the steady-state simulation, the boundary conditions of the numerical model are 

set as the rated working condition of MSHPTRV. The mass inlet and pressure outlet are 

adopted. The steam flow rate at the inlet of MSHPTRV is 91.67 kg/s and the steam tempera-

ture is 538 ℃. The outlet pressure of MSHPTRV is 4.03 MPa, and the property of outlet 

boundary is set as Opening to adapt the backflow. The flow rate of spraying water is 

14.45 kg/s and the cooling water comes from the outlet of feed pump. The cooling water tem-

perature is 179 ℃, the specific boundary conditions and parameters are shown in tab. 1. The 

convection and radiation are considered in the process of heat transfer, the dependent property 

of steam and water is adopted, so the water and steam can exchange heat according to differ-

ent conditions of temperature and pressure. The transformation of heat and mass can be con-

ducted according to eqs. (1)-(4). 

The computational domain is constructed by computer aided design and the tetrahe-

dral elements are generated to adapt complex geometry flexibly in ANSYS Meshing. The in-

dependence verification of mesh is carried out, and the suitable element number is deter-

mined, as shown in tab. 2. The results are reliable when the element number over 6 million. 

The minimum error of mass-flow rate is less than 0.002% when the element number over 8 
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million. Finally element number of 8 

million is applied to flow field for 

tracking trajectory, the cells size be-

tween 0.02-1.0 mm and the mesh 

near the wall is refined. In order to 

obtain more accurate results, the 

convergent residuals of the equations 

reach 10-5. 

Experimental verification 

The suitability of the RNG k-ε 
turbulence model for MSHPRV has 

been verified in [14, 15], but the 

evaporation model with water spray-

ing is the first time to be used in the 

simulation of MSHPTRV, so it is 

necessary to verify the accuracy of 

evaporation model. Based on the 

original experimental platform of 

50 kW steam turbine with oil burning boiler, fig. 2, the DN10 pressure and temperature reduc-

ing valve is installed in the bypass system. The installation of pressure and temperature reduc-

ing valve, as well as the measure points of temperature and pressure are shown in the fig. 3. 

 

Figure 2. The 50 kW steam turbine with oil burning boiler 

 

Figure 3. The MSHPTRV and measuring points 

The oil burning boiler is used to heat water to produce steam, and the electric boiler 

can further heat the steam into superheated state. The designed steam temperature at the outlet 

Table. 1 Boundary conditions 

Boundary Value 

Steam mass of inlet 91.67 kg/s 

Steam pressure of outlet 4.03 MPa 

Steam temperature of inlet 538 ℃ 

Flow rate of water 14.45 kg/s 

Sprayed water temperature 179 ℃ 

Droplet diameter 0.001 mm 

Initial velocity of droplets  60 m/s 

Table. 2 Independent verification of mesh 

Elements/104 294 417 639 818 928 

Mass-flow 
rate [kgs–1] 108.071 110.152 106.224 106.035 106.033 

Error [%] Min error = 0.002% 
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of electric boiler is 165 ℃ and the outlet pressure is 0.6 MPa. Due to the heat dissipation of 

pipeline, the experimental temperature and pressure at the inlet of DN10 pressure and temper-

ature reducing valve become 153 ℃ and 0.51 MPa, the temperature of the cooling water is 

20 ℃. The designed steam temperature and pressure at the outlet of DN10 pressure and tem-

perature reducing valve are 123 ℃ and 0.2 MPa. Finally, the outlet pressure and temperature 

of DN10 pressure and temperature reducing valve are 0.23 MPa and 132 ℃, respectively, the 

mass-flow of steam is 0.22 tonne per hours. According to the experimental parameters, the 

numerical simulation of DN10 pressure and temperature reducing valve is built, and the water 

spraying and evaporation model are adopted. The RNG k-ε turbulence model is also used in 

the calculation. The pressure and temperature ratio at the measure points relative to the inlet 

are shown in fig. 4. 

   

Figure 4. Pressure and temperature of experiment and numerical simulation; (a) temperature 
distribution in y-axis and (b) pressure distribution in y-axis 

In order to obtain more accurate experimental data, the experiment is repeated three 

times to obtain the average value of the temperature and pressure. It can be shown that the ex-

perimental temperatures are lower than the simulation value due to the poor thermal insulation 

and thick valve body. But the variation of the temperature is similar. The evaporation process 

of sprayed water is considered in the experiment and compared with numerical simulation, 

which is the main purpose of the experiment. Although there are some errors between exper-

iment and simulation, the similar variation of the indexes indicates that the evaporation model 

used in this study has a good effect. 

Results and discussion 

Figure 5 shows the pressure distributions in X-Y plane and cross-section. From the 

pressure distribution in X-Y plane, the steam pressure at downstream of first orifice plate is 

13.6 MPa, the pressure difference between the upstream and downstream of first orifice plate 

is 2.8 MPa. The pressure is further reduced to 12.8 MPa between the first orifice plate and the 

water inlet. The pressure is slightly increased by the resistance effect of the wall near the wa-

ter inlet. The steam pressure drop is 4.73 MPa when the steam flows through the second ori-

fice plate. It is the maximum pressure drop among the pressure drops of three orifice plates, 

which accounts for 41.6% of the total pressure drop. This is because the flow passage near 

second orifice plate has the shape of gradual expansion which has the effect of pressure reduc-

ing, combined with the throttling of the orifice plate, the best pressure reducing effect is ulti-

mately achieved. After the third orifice plate, the steam pressure in some areas is 3.36 MPa. 



Cao, L.-H
 

The final outlet pressure can be stable at 4.029 MPa in the extension section. From the pres-

sure distribution in cross section, the distribution of pressure is more uniform in circumferen-

tial direction, and the inner-side pressure of second orifice plate is higher. The pressure at the 

inlet of orifice passage is low because of throttling effect. 

 

Figure 5. Pressure distribution  

Figure 6 shows the temperature distribution in X-Y plane and cross-section. From 

the temperature distribution in X-Y plane, the steam temperature drops obviously in orifice 

passage when the steam flows through the first orifice. Since then, the steam temperature ris-

es, because the steam velocity slow down and the kinetic energy is turned into heat energy. In 

the vicinity of water inlet, the steam contacts the cooling water, so the water absorbs the heat 

of steam and evaporates, which lead the rapid reduction of steam temperature. However, the 

steam temperature far away from the water inlet hardly changes. The mixing area of steam 

and water diffuses gradually by throttling and disturbance of second orifice plate. The steam 

and water are nearly fully mixed after third orifice plate, and the overall steam temperature 

has been reduced. It can be seen from the cross-section that the temperature distributions of 

the second and third orifice plate are uneven. The temperature of the second orifice plate has 

obvious stratification in the radial direction. The low temperature area at the middle of third 

orifice plate presents expansion, which indicates that the mixing degree of steam and cooling 

water is further improved. The large temperature difference of the second and third orifice 

plate caused by water spraying is a main reason for orifice plate stress. So the influence of 

temperature with water spraying should be considered in the fatigue analysis of MSHPTRV. 

This is what needs to be studied in the future. 
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Figure 6. Temperature distribution  

Figure 7 shows the streamlines of steam in MSHPTRV. The steam at the inlet of 

MSHPTRV is relatively uniform. At upstream of first orifice plate, the steam collides with the 

orifice plate and the most of steam accumulates to the back of valve core. There are many 

vortexes behind each orifice, which can produce large thermodynamic loss and reduce the 

temperature and pressure of steam. Between the upstream of second orifice plate and down-

stream of third orifice plate, the strong vortex motion is formed. So the most of kinetic energy 

is turned into the heat energy and absorbed by cooling water. The steam turbulence gradually 

decreases along the extension section and the steam flow near outlet is more orderly. Com-

bined with flow field of water spraying in fig. 8, the water collides with the steam in convec-

tion, which formed a distinct layer steam-water layer. With the carrying effect of the steam, 

the droplets are accelerated, and the maximum velocity can exceed the local acoustic velocity. 

Therefore, it is necessary to consider the erosion damage of orifice plates caused by the in-

completely evaporated droplets. 

The working principle of MSHPTRV is converting high-quality energy into low- 

-quality energy. The thermodynamic loss of MSHPTRV is great in essence, and the greater 

thermodynamic loss, the better effect of reducing pressure and temperature. Based on this 

theory, the efficient working area of MSHPTRV can be determined reversely by the distribu-

tion of thermodynamic loss. 
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Figure 7. Streamline of MSHPTRV  
 

Figure 8. Flow field of water spraying  
 

The increase rate of entropy Sdis can present the local loss of flow field, which re-

lates to the steady-state conservation equation of entropy [27]. 
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Increase rate of entropy Sdis in MSHPTRV is shown as fig. 9. The increase rate of 

entropy Sdis between upstream and downstream of orifice plates is great. The viscosity of 

steam is the one of main reasons for causing Sdis. The steam can be compressed and expanded 

in the progress of throttling, and the thermodynamic energy of steam will be converted into 

heat energy due to viscous friction, which reduces the quality of steam energy. In addition, the 

strong process of heat transfer will be acted when the water contacts with high temperature 
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steam. Based on the Second law of thermodynamics, the pro-

cess of heat transfer with large temperature difference can 

produce a lot of irreversible loss. The stronger the turbulence, 

the better the effect of heat transfer. This is why a large in-

crease rate of entropy Sdis appears in the regions of steam-

water mixing and strong turbulence. It can be seen from the 

contour of increase rate of entropy that Sdis can reach 0.053 at 

the outlet of the first orifice plate. The maximum Sdis is 0.782 

at the inlet of the second orifice plate, and the Sdis at the out-

let of second orifice plate is about 0.3. To clearly show the 

overall trend of thermodynamic loss in the process of steam 

flow, the average Sdis along the Y-co-ordinates is shown in 

fig. 10. The average Sdis between upstream and downstream 

of second orifice plate are great. Combined with pressure dis-

tribution, it is reasonable that the maximum loss and pressure 

drop both appear in the downstream of second orifice plate, 

which is the efficient working area of the MSHPTRV. 

The working performance of the water spraying has a great influence on the effect of 

reducing temperature in MSHPTRV. The atomization effect of water spraying affects the 

length of evaporation section of the droplets. So the average volume fractions of the water 

under three different droplet diameters are calculated as shown in fig. 11. 

  

Figure 10. Average Sdis along Y-co-ordinate Figure 11. The H2OL average volume fraction  

of three droplet diameters 

At the upstream of the second orifice plate, the droplet diameter has little effect on 

the evaporation, while at the inlet and downstream of the second orifice plate, the droplet di-

ameter seriously affects evaporation. This is because the steam temperature is enough high to 

heat the droplets when the water comes into the MSHPTRV. The droplets at the outside of 

steam-water layer have the strong evaporation capacity. So the droplets at the outside of 

steam-water layer can be completely evaporated no matter how large the diameter of the drop-

lets. However, the heat absorption of the droplets at the inside of steam-water layer is limited 

and it is difficult to evaporate. In other words, at the upstream of the second orifice plate, the 

ability of steam heating droplets is strong, but the contact area of steam and droplets is lim-

ited, so the influence of droplet diameter is little. When the droplets reach the second orifice 

 

Figure 9. Increase rate of 
entropy Sdis 
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plate, the droplets at the inside of steam-water layer can be mixed with steam because the 

steam flow is disturbed by second orifice plate. The contact area of steam and droplets is in-

creased, but the ability of steam heating droplets is limited because the steam temperature is 

low, so the small droplet diameter evaporates more easily, in which the influence of droplet 

diameter is prominent. When the droplet diameter is 0.001 mm, the length of evaporation sec-

tion is only 0.6 m. However, the length of evaporation section for the droplet diameter 

0.01 mm is over 2 m. 

Conclusions 

The water spraying and evaporation model verified by the experiment are integrated 

into the MSHPTRV. On this basis, the thermodynamic loss and efficient working area of 

MSHPTRV are analyzed. The influence of droplet diameter on the evaporation section is 

studied. The specific conclusions are as follows. 

• The water spraying and evaporation model integrated into MSHPTRV have the good 

agreement with the experiment. The thermodynamic process of 200 ℃ temperature dif-

ference and 11.3 MPa pressure drop in bypass heating system can be achieved by the 

MSHPTRV. The three-stage pressure drops, respectively, account for 24.6%, 41.6%, and 

33.8% of the total pressure drop. 

• The vortexes and evaporation of water can produce thermodynamic loss and reduce the 

steam temperature and pressure. A distinct layer steam-water layer is formed at the mix-

ing area of water and steam. The temperature distributions of the second and third orifice 

plate are uneven. 

• The increase rate of entropy Sdis at the water inlet, upstream and downstream of orifice 

plates are great, where the thermodynamic loss is also great. The maximum Sdis is 0.782 

at the inlet of the second orifice plate. The downstream of second orifice plates is the effi-

cient working area of MSHPTRV. 

• The droplet diameter has little effect on the evaporation at the upstream of the second ori-

fice plate, but seriously affects evaporation at the downstream of the second orifice. The 

length of evaporation section increases with the droplet diameter. 
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Nomenclature 

a – state coefficient (selected by the steam 
properties) 

b – steam enthalpy coefficient (selected by the 
steam properties) 

C1ε – empirical value (= 1.44) 
C2ε – empirical value, (= 1.92) 
C3ε – empirical value (determined by k and ε) 
Cμr – RNG k–ε turbulence model constant,  

(= 0.085) 
c – steam temperature coefficient (selected by 

the steam properties) 
dp – droplet diameter, [m] 
Gb – generation terms of turbulent kinetic 

energy, k (caused by buoyancy) 

Gk – generation terms of turbulent kinetic energy 
k (caused by average velocity gradient) 

L – latent heat of vaporization, [Jkg–1] 
mp – droplet mass, [kg] 
Pk – shear production of turbulence, [Pa·s] 
ps – steam pressure, [Pa] 
QC – convective heat, [J] 
QR – radiant heat, [J] 
qin – heat of control body, [Jm–2] 
S – mass source, [kg] 
Sh – Sherwood coefficient (determined by 

droplet size and properties) 
Sk – source items (corresponding to the turbulent 

kinetic energy, k) 
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Su – generalized source terms of x-direction 
Sv – generalized source terms of y-direction 
Sw – generalized source terms of z-direction 
Sε – source items (corresponding to the 

dissipation rate, ε) 
Tp – steam temperature, [°C] 
t – time, [s] 

u  – velocity vector 
u – velocity of x-direction, [ms–1] 
ui – mean velocity, [ms–1] 
v – velocity of y-direction, [ms–1] 
V – volume, [m3] 
w – velocity, [ms–1] 
wc – steam molecular weight 
wg – mixture molecular weight 
xs

v
 – vapor mole fraction 

xv
v
 – mixture gas mole fraction 

YM – expansion of pulsation in compressible 
turbulence 

Greek symbols 

βr – RNG k-ε turbulence model constant,  
(= 0.012) 

μ – dynamic viscosity, [Nsm–2] 
μt – eddy viscosity, [Nsm–2] 
μeff – effective viscosity coefficient, [Pa·s] 
ρ – fluid density, [kgm–3] 
D – dynamic diffusion coefficient 
σk – Prandtl number (corresponding to the 

turbulent kinetic energy, k) 
σε – Prandtl number (corresponding to the 

dissipation rate, ε) 

Acronyms 

MSHPTRV – multi-stage high pressure and 
temperature reducing valve 

MSHPRV – multi-stage high pressure reducing 
valve 
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